Abstract. Endoribonuclease (NendoU) is conserved and plays essential roles in viral life cycle among all nidoviruses. Porcine reproductive and respiratory syndrome virus (PRRSV) nonstructural protein 11 (nsp11) is shown to have NendoU activity and its multifunctions have been demonstrated, such as processing RNA, suppressing innate immunity system of infected hosts and regulating the progression of S phase cells. We solve the crystal structure of PRRSV nsp11 mutant (K170A), and the overall structure is greatly different from severe acute respiratory syndrome coronaviruses (SARS-CoV) nsp15, the counterpart of nsp11 in coronaviruses. Compared with SARS-CoV nsp15 which has three domains, PRRSV nsp11 only have two domains: the N-terminal domain (NTD) and C-terminal domain (CTD). Smallangle X-ray scattering data shows that the PRRSV nsp11 has several kinds of oligomeric conformations in solution, this may be due to the missing domain, which mediates the hexamerization of SARS-CoV nsp15. The active center of NendoU is located in the CTD, where the conserved catalytic residues form a positively charged groove and bind the negatively charged RNA. The catalytic regions have several conformations, which are quite diverse. The NTD shares similar structural element with ubiquitin binding protein, but nsp11 cannot bind to ubiquitin according to our data. The flexible catalytic region of nidoviruses endoribonuclease confers an excellent target for drug design. These structural and functional information of PRRSV nsp11 would lay a foundation for better understanding of the molecular mechanism and antiviral drug development.
Introduction
Porcine reproductive and respiratory syndrome virus (PRRSV) causes huge agricultural economic loss every year. PRRSV costs swine industry in United States around 0.7b$ annually, and costs almost 1.5b€ in Europe every year. PRRSV is the primary pathogenic agent of the swine disease of PRRS with another name blue-ear pig disease. During the summer of 2006, a large-scale devastating outbreak of PRRS in China, which was known as "high fever" and overwhelmed about 10 provinces with more than 2,000,000 cases of pig infected. Due to the lack of suitable vaccine or effective drug treatment, the infected animals either die or spread quickly.
PRRSV is a major member of arterivirus [1] . As positive-sense single-stranded RNA viruses, they have 13 to 15 kilo base pairs genomes, which contain 10 open reading frames (ORFs) [2] . The ORF1a and ORF1ab, two large ORFs, encode two multidomain polyproteins, which are related to virus genome replication and cut into several nonstructural proteins (nsps) by ORF1a encoded protease. ORF1b encodes four proteins include nsp9, nsp10, nsp11, and nsp12. Nsp9 (RNA-dependent RNA polymerase, RdRp), nsp10 (helicase) and nsp11 (endoribonuclease, NendoU) are crucial importance to PRRSV life cycle in the host cells [3] .
Nsp11 could recognize 3' uridylate-specific site and cleave both single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA), and thus is called nidoviruses-specific endoribonuclease activity [4] . The essential residues (Lys173 and His144, His129 in the Cterminus) mutants of NendoU actives-sites have effect on the viral subgenomic RNA synthesis [4] . Meanwhile, nsp11 has effect on the production of tumor necrosis factor alpha (TNF-α) and proinflammatory interleukin-1β which are important factors in the host cell immune [5] . RNA microarray analysis data shows that nsp11 is associated with several pathways in host cell: cell cycle and DNA replication, histone-related, mitogen-activated protein kinase signaling, and ubiquitin-proteasome pathways [6] . For this multifunctional protein, NendoU acticity is the only known, but the related pathway or mechanism is still unclear.
The Overall Structure of PRRSV nsp11 K173A (B) Overall structures of PRRSV nsp11 K173A.
We solved the structure of PRRSV nsp11 K173A at 2.16 Å [7] , the nsp11 overall structure divides into two domains: the N-terminal domain (residues 1-90, NTD) and the C-terminal domain (residues 107-222, CTD), which are connected by a long linker (residues 91-106) ( Figure 1A ). The active center of NendoU locates in the CTD, which is made up of twostranded antiparallel β-sheets (βA-βB and βC-βE) and one antiparallel three-strand β-sheet (βF-βH). Analysis of surface charge shows that all the β-sheets of CTD form a positively electrostatic groove and the α-helices (αB-αD) support the groove at back ( Figure 1B ).
The Structure of PRRSV nsp11 K173A C-terminal Domain
The CTD of PRRSV nsp11 mutant is significantly different from SARS-CoV nsp15 with RMSDs of 3.3 Å ( Figure 2B ) [8] . The β-sheets (βH-βG-βF and βC-βD-βE in PRRSV nsp11) appear to be similar, but the α-helices and loops differ greatly. Interestingly, although CTD is not superimposed, the catalytic residues (His144, His129 and Lys173 in PRRSV; His249, His234 and Lys289 in SARS-CoV nsp15) show similar spatial arrangements and positively charged grooves formed by the β-sheets have a same position. All this means the NendoU catalytic mechanisms are conserved in nidoviruses. Furthermore, the β-sheets form the active center (βA-βB, βD-βE) are relatively flexible, which have several conformations. (D) The His-tag pull-down of His-tagged Ub and PRRSV nsp11 K173A.
Structural and Functional Analyses of PRRSV nsp11 K173A N-terminal Domain
In solution, SARS-CoV nsp15 forms a hexamer in which most intermolecular interactions are mediated by NTD (Figure 2A ) [9] . The hexamerization is required for the nsp15 NendoU activity and substrate binding [9] . However, the NTD of SARS-CoV nsp15 is not existed in the arterivirus nsp11 family ( Figure 2B ), which means that the oligomerization status of nsp11 may be disordered. Small-angle X-ray scattering (SAXS) [10] data shows that both wild type and mutant nsp11 have several kinds of oligomeric conformations in solution, such as monomer, dimers, trimers, tetramers and other higher-order oligomers. All in all, it is a mixture in solution, and the oligomerization status is concentration dependent (Table 1) , which may be related to its enzymatic activity. The results were obtained according to the reference [11] . According to previous study [12] , which found that the PRRSV nsp11 had the ability of deubiquitination (DUB), we manually searched DUB in Protein Data Bank (due to the negative result of DALI search [13] ) and found that the EAV nsp2 DUB (PDB:4IUM) [14] , which belonged to OTU family, had similar structural element (four-stranded β-sheet (β4, β7, β3, β2) and an α-helix α2, which formed the Ub binding surface in EAV nsp2) with the nsp11 N-terminal domains. Moreover, the other helices and β-sheets were also similar (α1, α2' and the antiparallel β-sheet) ( Figure 2C ). But His-tag pull-down between nsp11 mutant and Histagged Ub gets negative result as well: the addition of His-tagged Ub cannot pull down nsp11, revealing that nsp11 does not bind to Ub in this condition ( Figure 2D ). Moreover, there are no conserved cysteine or histidine residues formed the DUB active sites in the NTD, according to sequence analysis. Therefore, nsp11 may be not involved in the deubiquitination activity directly.
Our study reveals the overall structure of PRRSV nsp11, the catalytic center of NendoU activity locates in the C-terminal domain. The flexible catalytic region of nidoviruses endoribonuclease may have a unique regulatory mechanism, and confers an excellent target for drug design, which is needed further study. Meanwhile, structural and functional analyses show that PRRSV nsp11 N-terminal domain does not have structural base for binding ubiquitin, which indicates that the NendoU may be the major activity for its multifunction. The concentration dependent oligomerization of nsp11 may be related to its NendoU activity, during the viral genome synthesis. And that is proposed to also be engaged in the posttranscriptional quality control of virus RNAs. According to the unique oligomerization of nsp11, the destruction of intermolecular interaction will attenuate the virulence of PRRSV. Better understanding about this unique protein would provide novel insights into viral pathogenesis and lay a solid foundation for antiviral drug design. According to our findings, we could develop nsp11 NendoU activity inhibitors or oligomerization busters to against PRRSV and this will be more specificity and efficiency.
